Major, trace element, and Nd-Sr-Pb isotopic compositions of mantle xenolith-bearing Cenozoic basalts in southeastern China are measured to provide an insight into the nature of their mantle sources and processes. Application of a modified Ž . dynamic melting inversion DMI method presented here to SE China basalts suggests that Nushan and Fangshan basalts are formed by 4-11% partial melting of a light-rare-earth-element-enriched mantle source. Pb decreases from south to north. Such a regional variation of Pb isotopic compositions in the whole of eastern China cannot simply be attributed to mixing of two mantle endmembers because Nd and Sr isotopic compositions show opposite regional variations in SE China and NE China. The SE China basalts suggest mixing between an asthenospheric mantle and EM2, while the NE China basalts reflect mixing between an asthenospheric mantle and EM1. The central-eastern China basalts from Nushan, Fangshan, and Tashan have the most depleted Nd and Sr isotopic compositions that may represent the isotopic composition of the asthenospheric mantle. The Zou et al.r Chemical Geology 171 2000 33-47 34 occurrence of Pb-Dupal signatures in these central-eastern China basalts may imply that the asthenospheric mantle already had a Pb-Dupal signature before its mixing with EM1 or EM2. q
Introduction
Recently, considerable attention has been paid to magmatism in continental extension zones where intraplate magmas may be generated from the convectively upwelling asthenosphere andror thermally activated lithospheric mantle during continental extension. Trace element and isotope studies of these magmas can provide information regarding both the chemical characteristics of mantle sources and the tectonic history of extensional areas. Along the eastern Asian continental margin, Cenozoic extensional basins and associated volcanic eruptions are developed, extending over 4000 km from Siberia to east China. Basalts are the predominant volcanic rock Ž type in eastern Asia Zhou and Armstrong, 1982;  . Fan and Hooper, 1991; Chung et al., 1994 . This continental extension and asthenospheric upwelling in eastern Asia may be related to the westward subduction of the Pacific Plate andror the northward Ž . indentation of India Tapponnier et al., 1986 . In eastern China within the eastern Asian continental margin, Cenozoic basalts are widely distributed along the coastal provinces and adjacent offshore shelf from north of Heilongjiang province Ž to south of Hainan island, and South China Sea Fig. . 1 and constitute the eastern China volcanic belt. These volcanic rocks are part of the circum-Pacific volcanic belt behind the Japan-Izu-BoninMariana-Philippine calc-alkali volcanic arcs. Volcanic activity in eastern China is associated closely with major regional faults. Most recent trace element and Nd-Sr-Pb isotope studies have been focused on the Cenozoic basalts in the northern part of the Ž eastern China volcanic belt e.g., Zhou and Armstrong, 1982; Fan and Hooper, 1991; Song et al., . 1990; Basu et al., 1991; Zhang et al., 1991 and Ž South China Sea basin and Hainan Island Flower et . al., 1992; Tu et al., 1991 Tu et al., , 1992 . In contrast, integrated trace element and Nd-Sr-Pb isotope studies of the Cenozoic basalts in the southeastern China continental margins have not been fully carried out although petrological and chemical studies on some Ž . basalts are available Qi et al., 1995 . The northern part of eastern China is underlain by Archaean to early Proterozoic continental lithosphere, while southeastern China is an example of Ž . relatively young middle to late Proterozoic conti-Ž . nental lithosphere e.g., Chen and Jahn, 1998 . Therefore, to investigate the regional variations of Cenozoic basalts in eastern China and to study the Ž 9.1-9.4 Ma , and Nushan 0.55-0.72 Ma Chen . Ž . and Peng, 1988; Liu et al., 1992 Fig. 1 . Spinel peridotite xenoliths are common in all seven locali-Ž . ties Qi et al., 1995; Xu et al., 1998 . Garnet peridotites are also found in Mingxi and Longyou. Major and trace element abundance and Nd-Sr-Pb isotope compositions of these samples will be used to characterize the source components and mantle processes for these basalts. In addition, isotope data for these southeastern Chinese basalts will be compared with data from northeastern Chinese basalts so as to investigate regional variations in isotopic compositions. On the basis of Nd-Sr-Pb isotopes in South China Sea and the Hainan island basalts, Tu et al. Ž . 1991 suggested that the South China Sea basin domain was a part of Gondwanaland which drifted northward in the late Paleozoic. We will also evaluate the possibility that southeastern mainland China was also a part of Gondwanaland and investigate the boundary between the South China block and the North China block using the isotopic constraints.
Analytical methods
Major element abundances were obtained on fused La-bearing lithium borate glass disks using a Siemens MRS-400 multi-channel, simultaneous X-ray spectrometer at the Ronald B. Gilmore XRF Lab of the University of Massachusetts at Amherst. The accuracy and precision of this method can be found in Ž . Rhodes 1996 . Trace element concentrations were measured at the National High Magnetic Field Labo-Ž . ratory NHMFL using a Finnigan ELEMENT ICP-MS. Nd, Sr, and Pb isotope ratios were measured at the NHMFL using a Finnigan MAT-262 RPQII mass spectrometer. Sr 
Analytical results

Major element compositions
Major element data are shown in Table 1 . These samples have an average of 10.5 " 3.3 wt.% MgO, that plagioclase is not a major phase involved in fractional crystallization. This is consistent with petrographical observation that plagioclase phenocrysts Ž . are extremely rare in these basalts Qi et al., 1994 . The absence of a negative Ce anomaly indicates that these rocks are generally not affected by low-temper-Ž . ature alteration. In a Aspider diagramB Fig. 4 , all samples show positive Ta, Nb anomalies and negative Pb anomalies, similar to oceanic island and Ž . mid-ocean ridge basalts e.g., Hofmann, 1986 Hofmann, , 1988 Fig. 6C .
The Pb isotopic data of these basalts from SE China are plotted in Fig. 7 Fig. 7B . This array is subparallel to the NHRL.
Discussion
Crustal contamination
Occurrence of mantle xenoliths within all these volcanic suites suggests that these lavas ascended rapidly, thus avoiding significant interaction with crust and large-scale fractional crystallization. The striking resemblance in Nd-Sr isotopic compositions between the SE China basalts and Hawaiian basalts Ž . Fig. 6A strongly argues against significant crustal contamination. The trace element characteristics, namely, the positive Nb and Ta anomalies, negative Pb anomalies, high CerPb, high NbrU, and low LarNb, also suggest a similarity to oceanic island basalts. In addition, the majority of the samples have MgO ) 8 wt.% and there is no positive relationship between K O and SiO . Except for two samples w Ž 2q .x this study have mga Mgr Mg q Fe ranging from 0.62 to 0.79. Our assessment, thus, of the trace element and Nd-Sr-Pb isotope compositions is that they closely reflect source compositions and mantle processes, and are not significantly affected by continental contamination or fractional crystallization during magma ascent. slopes than to tell the different extents of negative slopes.
EM2 component in SE China basalts and plate boundary
A negative correlation in Fig. 6B and a positive correlation in Fig. 6C strongly suggest mixing between DMM and EM2 components. The isotope characteristics of SE China basalts can generally be explained by a binary mixing model, best illustrated by the Pb-Pb, Pb-Nd and Pb-Sr isotopes. The two end members are the depleted asthenospheric matrix and the EM2 character components. Various mixing proportions of these two mantle components account for the Nd-Sr-Pb isotopic characteristics in SE China basalts. Moving north from the Taiwan Strait, the EM2 component diminishes in importance in the generation of SE China basalts. In Niutoushan, near the Taiwan Strait, the basalts have the greatest contribution from the EM2 component. In Mingxi, Xilong, and Longyou, the basalts have an intermediate contribution from the EM2 component; further north, in Nushan, Tashan, and Fangshan, the basalts have the least radiogenic Pb and Sr isotopic ratios and the highest 143 Ndr 144 Nd ratios. This suggests that the basalts in Nushan, Tashan, and Fangshan were almost exclusively derived from the asthenosphere.
To the south of Niutoushan, EM2 component has been identified in basalts of the South China Sea Ž Basin, Hainan Island Tu et al., 1991 Tu et al., , 1992 Flower . Ž et al., 1992 , Taiwan Strait Chung et al., 1994 , . Ž 1995 , Vietnam Hoang et al., 1996 , Hoang and . Ž . Flower, 1998 , Thailand Zhou and Mukasa, 1997 , Ž . and Australia Zhang et al., 1999 . The location of these basalts in Nushan, Fangshan, and Tashan might 
Mantle compositions and the degrees of melting
Ž
. The dynamic melting inversion DMI method of Ž . Zou and Zindler 1996 is modified here to account for the updated formulation of dynamic melting Ž . model in Zou 1998 . The details of this modified DMI method are presented in Appendix. The advantage of this method is that the degrees of partial melting and the source compositions can be calculated independently without assuming one in order to calculate the other. The requirements of this method Ž . are 1 selected lavas have the same isotopic compo-Ž . sitions; 2 highly incompatible and less-so-highly incompatible elements have large but different concentration ratios in lavas formed at different degrees Ž . of partial melting; 3 the concentration ratios satisfy a regular order according to their bulk distribution Ž . Ž. coefficients Zou, 1997 ; and 4 selected lavas have high mga to avoid significant fractional crystallization. The basalts in Nushan and Fangshan satisfy all the above requirements. In contrast, basalts from Mingxi, Xilong, and Longyou do not satisfy requirement 2 and those from Niutoushan do not satisfy requirement 1.
NS-30 from Nushan and Fang-1 from Fangshan are selected because of their large and different concentration ratios. The concentration ratio of a highly incompatible element Q is taken as the La a Ž . concentration ratio NS-30rFang-1 , and the Nd concentration ratio is used to derive Q for this pair: Table 3 .
If we select the pair of NS-30 and Fang-2 for the calculation, we obtain average f s 4.17% for NS-30 1 Ž . and average f s 10.55% for Fang-2 Table 3 .   2 Source concentrations for La, Nd, Sm, Eu, and Tb are 2.572, 2.200, 0.555, 0.188, and 0.078 ppm, Ž respectively. Note that both pairs NS-30rFang-1 . and NS-30rFang-2 yield very similar degree of partial melting for NS-30 and similar source compositions for Nushan and Fangshan basalts.
The calculated source for Fangshan and Nushan Ž . basalts is LREE-enriched Table 3 , but Nd isotope ratios suggest a LREE-depleted source. Our results, in accord with numerous previous studies, quantitatively document the derivation of basalts with positive´from LREE-enriched sources. As has been Nd pointed out, this observation can be reconciled by proposing the long-term existence of a LREE-depleted source that only recently becomes enriched. In light of the near-ubiquity of this result for alkalic Ž . suites, Zou and Zindler 1996 has further argued that the often-proposed Arecent source enrichmentB occurs as an integral, initial phase of the AtotalB melting process.
Isotope regional Õariations and Dupal Pb signatures
Each of the seven volcanic suites in the study area has very uniform trace element and isotope compositions. On the basis of Nd, Sr, and Pb isotopic data, the regional isotope variations in the SE China can be recognized. The Niutoushan basalts in the southern part of the region have the highest 87 Our data only show the regional variation in the SE China. To study the isotope regional variation in the whole of eastern China, we also need to include the data from NE China. Available isotope data for Hannuoba, Datong, Kuandian, and Wudalianchi are compiled because these basalts contain mantle xeno-Ž liths Song et al., 1990; Basu et al., 1991; Zhang et . al., , 1995 Liu et al., 1992 ) have been generated from continental lithospheric mantle that was modified by ancient subduction pro-Ž . cesses Flower et al., 1998; Zhang et al., 1998 . Support for this proposal comes from the trace element ratios. Trace element data for NE China often show high LILErNb, BarTh, BarU and low LarBa ratios, and lack high normalized abundances of Nb Ž . and Ta Liu et al., 1994 . For example, BarNb and LarNb ratios in basalts from NE China range from 7.5 to 30 and 0.6 to 1.6, respectively. These characteristics bear a strong resemblance to those of the Walvis Bay Ridge, Gough and Tristan da Cunha basalts. The spidergrams for the Wudalianchi basalts Ž .Ž even display minor Nb depletion LarNbs 1. 3 Liu . et al., 1994 . In comparison, basalts from SE China Ž . Ž . have lower BarNb 3-12 and LarNb 0.3-0.75 ratios. The BarNb ratios of the SE China are comparable to those of Samoan and Society basalts.
The Dupal signature in SE China basalts and co-variation of Nd, Sr, and Pb isotope ratios might be taken to support the hypothesis that southeastern China was once a part of Gondwanaland. Paleomagnetic evidence suggests that south China drifted Ž . northward during the late Paleozoic Lin et al., 1985 , a process that may explain the presence of Dupal-like components in SE China. If the EM2 component is assumed to be the signature for Gondwanaland, the occurrence of this component in SE China and the absence of it in NE China may suggest that SE China was once a part of the Gondwanaland. Tu et Ž . al. 1992 have suggested that the basalts from the South China Sea and Hainan Island, both further south of the study area in this paper, were once a part of Gondwanaland.
Conclusions
Basalts in SE China show enrichment in light REE, and exhibit positive Nb and Ta anomalies, and negative Pb anomalies. Application of a modified DMI method presented here to SE 
